Zoning patterns in plagioclases are related to abrupt changes in the anorthite content along the crystal growing direction. Accurate characterization of these patterns by electron microprobe is useful to identify magma chamber processes such as recharge, mingling and whole-chamber overturn events.
Introduction
The spatial distributions of the components or phases within heterogeneous materials samples is an important issue in a number of research areas. X-ray maps (XRMs) obtained by collecting characteristic X-rays from induced radiative transitions of the elements present in a sample, are particularly helpful for gathering elemental distribution. In the case of electron probes, the beam is scanned across the specimen or the sample is moved under a fixed beam, while X-ray intensities are recorded pixel by pixel. The spatial resolution of XRMs is limited by the interaction volume, which is around 2 µm diameter, depending on the electron beam energy, the overall sample composition and the particular element being mapped [1] . The acquisition time required for registering an XRM with 256 × 256 pixels is 30 minutes (at 60 kcps), if relative statistical uncertainties below 2% are expected. Recent advances in energy dispersive spectrometry have resulted in detection systems with higher counting rates. Silicon drift detectors [2] , for example, can produce high quality images at 60 kcps in a few minutes [3] .
Backscattered electron (BE) images are also useful to determine the number and distribution of phases, since the gray level of each pixel is related to the mean atomic numberZ at the corresponding position on the sample surface [4, 5] , although they cannot be used alone to determine the chemical composition. BE images are quite valuable in different areas of materials characterization, their importance lying in the fact that they are widely used in a variety of scientific or technological investigations, like chemical geology, cement investigations, art and cultural heritage pieces, hard tissue characterization, etc. [6] [7] [8] [9] [10] [11] .
The plagioclases are a typical and very abundant group of minerals in the igneous rocks of the Earth crust and of the Moon. They form a continuous isomorphic series (solid solution) varying compositionally from a sodic extreme (called albite) to a calcic extreme (called anorthite). Plagioclase composition is generally expressed by the molecular percentage of anorthite (An), and they are traditionally referred to the names albite (0-10 mol% An), oligoclase (10-30 mol% An), andesine (30-50 mol% An), labradorite (50-70 mol% An), bytownite (70-90 mol% An) and anorthite (90-100 mol% An). Plagioclases may also contain certain amount of the potassic extreme (the third point which completes the feldspars triangle, called orthoclase). In the compositional range from labradorite to anorthite, this content is lower than 5 mol% and it gradually increases with the albite (Ab) content.
Plagioclase crystals are generally zoned, i.e., they present a concentric structure with narrow bands of different composition. This structure can be readily observed in thin sections with an optical microscope. The anorthite content normally varies between 1 and 30% within a zoned plagioclase crystal [12] . It is possible to infer the history of the magmatic system by studying the compositional changes along the crystals in a plagioclase, since the composition of a magmatic mineral depends on the temperature, pressure, fluids content and composition of the magma [13, 14] .
The study of zoning in plagioclase crystals has been addressed through different techniques. The simplest method consists in producing a concentration profile by electron microprobe point analysis. Optical and Nomarski differential interference contrast microscopy [15] are widely used to obtain high resolution images of zoning, but they provide no quantitative information about chemical composition. Laser interference microscopy has been used in combination with electron probe microanalysis for quantitative profiles of anorthite [16] , although the spatial resolution of the former is poor.
Backscattered electron images are a promising alternative to study plagioclase zonations [12, 17, 18] , since they are highly sensitive to small changes in mean atomic numberZ. Nevertheless, these images do not straightforwardly provide quantitative information about the chemical composition, and they must be therefore calibrated in order to obtain the anorthite content. Taking into account that the mean atomic numbers of Ab and An are 10.77 and 11.85, respectively, it can be concluded thatZ and thus the BE signal increase with the An content in a plagioclase. Due to the small variation of Z from Ab to An, the calibration between the gray levels and the plagioclase composition can be performed by a linear function. Ginibre et al. [12] calibrated the BE images with point quantitative characteristic X-ray analyses performed along a line perpendicular to the zonation edges. Triebold et al. [19] proposed a similar method with quantitative analysis in a complete line scan. Both authors related the An concentration with the Ca and Na elemental concentration determined by the X-ray microprobe analysis.
Although the methods mentioned above had been applied several times, they present some experimental and processing difficulties. For instance, the quantifications are performed along a unique profile and then the calibration is used to extend the quantitative characterization to the entire image. The profile must therefore be representative of the entire BE image. In addition, the interfaces between regions with differentZ are responsible for a contrast intensification in the BE image (see below) and the quantitative analyses performed at these points will not follow the general tendency in the calibration curve. This fact could be an important source of error when a few points are used for calibrating the BE image. On the other hand, if the measuring equipment does not have an automated X-ray spectra acquisition routine, the number of points to analyze must be significantly reduced in order to optimize the measuring time.
In this work, the calibration of BE images is accomplished through a new approach, in which an anorthite concentration map is obtained from Ca and Na X-ray maps; the BE image size is reduced to the An map size and a linear calibration between the gray level in the reduced BE image and the An map is performed. Finally, the linear calibration is applied to the original BE image, obtaining a high resolution An distribution map. With this approach, fluctuations of different origin are smoothed, and the uncertainties in the results are therefore reduced, as shown below. In addition, the fraction of points with contrast enhancement due to interface crossing is greatly reduced, since the calibration is performed with high number of points (≈ 10 4 ). Monte Carlo simulations were performed to study the resolution of BE and X-ray signals as a function of the plagioclase composition and the incident electron beam energy. This study permitted to choose the best experimental conditions to optimize the spatial resolution. The methodology was tested in plagioclases from a lava sample from the Cerro Vilama, a quaternary volcano located in the Central Andes, on the international border between Argentina and Bolivia.
The method proposed here is applicable to any material sample in which the mean atomic number contrast depends on the variation of a single component, maybe present as solid solution or separately. This is a common situation in many alloys [20] or mineral series different from those considered here.
Materials and methods
Plagioclases from a thin section were studied through the methodology proposed here. To this aim, Ca and Na X-ray maps have been acquired in order to perform the BE image gray level calibration with An content, as described below. ***Henceforth, all concentrations will be given as wt.%.***
X-ray maps and BE image calibration
In conventional electron probe quantitation, the characteristic intensity I j emitted by each element of an unknown sample is recorded and then compared with the corresponding intensity I o j emitted from a standard of concentration C o j . As a first approximation, the intensity I j may be taken as proportional to the mass concentration C j of element j:
The comparison with standards cancels out geometrical and physical factors which are difficult to determine [21] . The previous relation has no rigorous validity, and matrix effects must be included to produce a more accurate relation. These effects are usually referred to as "ZAF correction" [1, 21] : Z and A factors represent the generation, scattering and absorption effects, whereas the F factor involves secondary fluorescence enhancement. The magnitudes of Z, A, and F strongly depend on the experimental conditions, mainly on the incident beam energy, X-ray take-off angle and differences in the composition of the standards and the sample. In some cases, it is possible to reduce their influence and even to compensate effects, provided that the experimental conditions are adequately chosen. The composition of the standard used in this work (a homogeneous plagioclase with 65%. An from SPI mineral standards) is similar to the sample studied, thus, in the energy and concentration ranges involved in this study the ZAF corrections can be considered as a constant for each element (see section 4). The ratio between Ca and Na concentrations for pixel (i, j) can then be written as
where C Ca,Na , I Na,Ca and ZAF Na,Ca are, respectively, the concentrations, integrated intensities and ZAF corrections for the elements considered, and the superscript o refers to the standard. The ZAF correction values were estimated by performing quantitative point analyses. The anorthite content An(i, j) (wt.%) for the pixel (i, j) can be related to the Ca and Na wt.% using the stoichiometric formulae for An and Ab minerals
where 8.77 and 14.41 are the concentrations (wt.%) of Na in pure albite and Ca in pure anorthite. From the ratio C Ca /C Na determined by Eq. (1), the anorthite content An(i, j) for each pixel (i, j) can therefore be obtained from these relations
In order to assess Eqs. (1) and (2) for each pixel of the XRMs and therefore construct a map of the anorthite content, a routine in Matlab R environment was developed. It is important to notice that the size of the An map obtained is equal to the size of the XRMs, and its spatial resolution is limited by the volume from which the characteristic X-rays emerge from the sample.
As mentioned in the Introduction, it is possible to perform a linear calibration between the BE image gray level and the corresponding anorthite content for each sample point. With the aim of establishing a pixel-to-pixel correspondence, the BE image size was reduced to the An map size. The value for each pixel in the reduced BE image is assessed as the average within a sub-array surrounding the corresponding pixel in the original BE image, covering all the scanned area and avoiding overlaps. An important advantage of this approach is the high number of points available for performing the calibration, which leads to better results since the statistical fluctuations and the relative number of points presenting the BE contrast enhancement due to interface crossing (see section 4.2) is reduced.
Monte Carlo simulations
In order to investigate the interaction volume for BE and characteristic X-ray signals as a function of the incident electron energy and the plagioclase composition, a series of Monte Carlo simulations were performed. The spatial resolution is related to this interaction volume, which limits the sensitivity to detect compositional variations in the BE images and X-ray maps.
The example main program PENCYL distributed with the 2008 version of the PENELOPE routine package [22] was used for the simulations. This program is optimized for cylindrical geometries constituted by different layers. The output provided by the program for the X-ray emission is integrated over all the possible take-off directions (ranging from 0
• to 90 • ). Taking into account that the absorption of photons in the sample strongly depends on the take-off angle [5] and that the geometry is well defined in the experiment, the results of the simulations performed with this program are not compatible with the measurements. For this reason, the PENCYL program was modified to register only the photons emitted within directions close to the experimental take-off angle. In those cases in which the symmetry characterizing the normal-incidence EPMA experiment for flat homogeneous samples, all the azimuthal angles were integrated in order to reduce statistical uncertainties for the computing times used. An additional modification to PENCYL was introduced in order to register the radial coordinate of the backscattered electrons when they emerge from the sample. As will be shown below, this radial coordinate is useful to determine the spatial resolution of the BE signal.
A first set of Monte Carlo simulations were performed for a homogeneous material composed by 60%. An for electron incident energies ranging from 5 and 15 keV in order to obtain the ultimate resolution of the BE and characteristic X-ray signals.
As mentioned above, near the interface between materials with different mean atomic numbers, a contrast exaggeration in the BE signal is produced. In order to investigate this effect, a second set of Monte Carlo simulations was performed for samples with an interface separating two materials A | B, as shown in Fig. 1 . To adequately represent this type of interfaces keeping the cylindrical symmetry imposed by the program PENCYL, the materials A and B were associated to concentric cylinders with radius at the interface large enough to ensure that the flat interface approximation was valid at a micrometer scale.
In order to represent a zoning in a plagioclase, three samples were simulated: the material B was fixed as pure anorthite (An 100%), and three different An wt. concentrations (60%, 70% and 80%) were set as the material A. Three incident energies E o were simulated, i.e., 5, 10 and 15keV. For each interface and incident energy, the incident beam impact point x i was varied from -7 µm to 7 µm in steps of 0.25 µm (see Fig. 1 ). At each x i point, the radial distribution of the backscattered electrons and characteristics X-rays corresponding to Na and Ca were recorded. Other interfaces A | B defined by materials with very different mean atomic number, such as Mg | Cu and C | Pb were simulated to study the behavior of the BE signal exaggeration with the chemical composition.
The simulations were run in a cluster facility at the Facultad de Matemá-tica, Astronomía y Física of the Universidad Nacional de Córdoba, with 3.0GHz Pentium IV hyperthreading processors. In the characteristic X-ray simulations carried out, the incident electron trajectories were surveyed down to certain threshold energy, since no further ionization is possible under this value. This criterion permits to obtain results with appropriate statistical uncertainties in reasonable CPU times, avoiding the computation of events out of interest. With this restriction, relative errors below 1% for all characteristic X-rays were obtained. For the BE signal simulations, electron energies were considered down to 100 eV. This lower limit adequately reproduces the actual experimental BE detection [1] .
Experimental
The thin slice of the Cerro Vilama rock was prepared following the standard procedure for this type of material. The sample was coated with a carbon layer 30 nm thick in order to avoid charging effects. The BE images, XRMs and point X-ray emission spectra were acquired with an environmental SEM (ESEM FEI Quanta 200) furnished with a silicon drift X-ray detector. The XRMs were measured with a resolution of 128×100 pixels, E o of 10 keV, beam current of 7 nA, acquisition live time of 1.4 s per pixel and counting rate of around 30000 c/s. The point analyses were carried out under the same conditions, but the acquisition live time was set to 100 s; in this case, the Plagioclase An65 (no. 35) standard from the commercial SPI #02753-AB mount was used. For the BE images, 1024×768 frames were taken at 5 ms/pixel, choosing an incident energy of 10 keV for the reasons explained in 4.1. In order to clearly show the effect of BE contrast enhancement due to interface crossing, additional BE images were measured on a polished section of another rock having an interface defined by quartz and rutile.
Results and discussion

Spatial resolution of BE and X-rays
The fraction of backscattered electrons has been surveyed through Monte Carlo simulations for a homogeneous An 60% plagioclase excited at 5, 10 and 15 keV. The program developed allows to discriminate the lateral coordinate x of the point where the backscattered electron has been produced. A histogram can be therefore constructed, which allows to visualize the distribution of the backscattered electron yield around the beam impact point, as shown in Fig. 2 .
In all cases, there is a narrow peak centered at the impact point x = 0 mounted on a wider distribution. The central peak accounts for the fraction of electrons that have a few interactions before being backscattered, and its width is similar to the electron mean free path in the considered material [1] . The overall curve can be represented as the sum of a narrow Lorentzian distribution and a wide Gaussian distribution. Bearing this in mind, the full width at half maximum of the Gaussian distribution is a good estimate for the spatial resolution. As can be observed in the bottom plot of Fig. 2 , the resolution is better for low incident electron energies and it varies slightly with An concentration. 3 shows the results obtained for the Na and Ca characteristic Xray intensities as a function of the incident beam position x i around an interface separating An 60% | An 100%, for incident energies of 5, 10 and 15 keV. Although the lateral resolution is commonly defined as the width from 16% to 84% of a line scan, it is obvious that when the effect of BE contrast enhancement due to interface crossing is important, this criterion cannot be considered, since the regions involving this contrast intensification would be disregarded. A reasonable estimate for the spatial resolution of the X-ray signal is given by the distance from the interface to the point at which the intensity becomes constant. According to this definition, the spatial resolutions for Na and Ca signals result 1 µm and 0.5 µm at 10 keV, respectively. Similarly to the BE signal, the resolution of the X-rays depends on the incident electron energy. Fig. 4 corresponds to a BE image of a thin section of a geological rutilated quartz. The interfaces SiO 2 | TiO 2 can be considered as "ideal", due to the low solubility of rutile in quartz [23] . As it is shown in the line profiles in this figure, at the vicinity of the interface the SiO 2 (TiO 2 ) BE signal decreases (increases) from the average value corresponding the phase.
Signal distortion in BE images due to interface crossing
The Monte Carlo simulations performed for interfaces separating materials with different mean atomic numbersZ are useful to explain this behavior. For example, in Fig. 5 , the lateral distribution of backscattered electrons at different positions relative to the interface for a sample composed by Mn | Cu is shown. When the electron beam is impinging the material of lowerZ, the material with higherZ strongly absorbs a portion of the backscattered electrons, and therefore, the BE signal decreases. Analogously, when the impact point is located at the material of higherZ, the lighter material permits a greater number of backscattered electrons to leave the interface, increasing the BE signal.
Profiles corresponding to the electron backscattering yield for interfaces of Mg | Cu, C | Pb irradiated at 20 keV, and for an interface An 60% | An 100% excited at different energies are shown in Fig. 6 . As can be seen, the BE contrast enhancement can reach up to 30% (Mg | Cu). On the other hand, the BE signal increases / decreases when approximating to the interface from the material with higher / lowerZ, and it strongly depends on theZ differences between the two materials conforming the interface. For example, for the C | Pb interface, the BE signal remains constant up to a distance of 1 µm to the interface in C and 0.75 µm in Pb. At distances closer to the interface, the signal increases up to 10% for Pb. In the case of An 60% | An 100% excited at 10 keV, the BE signal is stabilized at 0.5 µm from the interfaces for both materials. It must be stressed that in these figures the ordinate scale has been expanded in order to bring to evidence small variations.
Calibration of anorthite maps
The results obtained by Monte Carlo simulations allow to choose the most adequate electron incident energy E o for the acquisition of X-ray maps and BE images. The optimum value turns to be E o =10 keV, since with this energy an efficient Na and Ca K excitation is achieved, maintaining an acceptable spatial resolution. In the case of BE images, three effects must be balanced: for higher incident energies, the chemical contrast is improved, but the contrast enhancement in the zoning edges becomes more evident and the spatial resolution worsens. None of these effects is predominant for an excitation energy of 10 keV; for this reason, this incident energy has been chosen for measuring the BE images. BE images and Na and Ca X-ray maps corresponding to the crystals studied in the plagioclase sample are shown in Figs. 7 and 8 . The ZAF corrections obtained for five point analyses and the corresponding averages for Na and Ca are shown in table 1 (the selected points are shown in Fig. 7) . These ZAF values were obtained by quantitative point analyses in the crystal 1 using the equation 1. The selected points are shown in Fig. 7 . As can be seen, the variations of the ZAF corrections along the crystal are very small (the maximum difference is 0.9%). For this reason, the ZAF corrections were considered as constant for the quantification procedure through the X-ray maps. The An compositional maps for both crystals were therefore obtained from equations 1 and 2, by using the net X-ray intensity maps of Ca and Na and the average ZAF corrections.
In order to perform the calibration between the gray level in the BE image and the anorthite content, it is necessary to make a pixel-to-pixel correspondence. To this aim, the BE images acquired with 1024×768 pixels were reduced to the size of the anorthite map (128×100 pixels). Based on the gray levels corresponding to the minimum and maximum anorthite content, the points associated with fractures or other phases (too light or too dark in the BE image) were discarded in the reduced BE image. The number of points considered as good for the calibration resulted around 9,000 for both crystals.
To obtain the linear calibration, the concentrations associated with the same gray level were averaged. The relation between the gray level and the An concentration for the two crystals is shown in Fig. 9 . The error bars correspond to one standard deviation of the concentrations associated with the same gray level. These errors are related to interface effects (see Fig.  4 ) and to the difference in the spatial resolution of BE and X-ray signals. The An concentrations obtained from the five point analyses performed at crystal 1 are also included in Fig. 9 . As can be observed, the deviation of these point analyses from the linear trend is higher than the errors associated to the present method. It must be emphasized that the individual quantitative analyses are highly influenced by the interface proximity at each point, raising the corresponding uncertainties up to 50%; obviously the linear fit produced with this procedure is rather different from the one proposed here. It is quite clear that the reduction of uncertainties mentioned above allows to obtain a more reliable calibration with the approach presented here. The coefficients of the linear fit were used to transform the original BE image into a high resolution anorthite map (see Fig. 10 ).
Petrological observations on the studied plagioclase crystals
Although a petrological study of these results is out of the scope of this paper, some concepts about the images and compositional data obtained in this work can be highlighted here. Crystal 1 (Fig. 7) shows zonation of the oscillatory type, with four sharp drops in the An content (indicated by the rise in the gray level). Crystal 2 (Fig. 8 ) also shows oscillatory zoning; however, its principal characteristic is the presence of a conspicuous resorption surface. This surface surrounds a sieve-textured and irregular core (probably distorted by dissolution), which served as a nucleus for the subsequent growing of the oscillatory-zoned sector. When the images and compositional profiles from the two crystals are compared, bands with equivalent zoning patterns separated by correlated An drops are identified on both (Fig. 11) .
These common bands and An drops are explained by a similar history of growing inside the magma, under the same conditions of temperature, pressure, fluids pressure and melt composition. The oscillatory patterns here observed may be compared with the saw-tooth with resorption, low-amplitude oscillation and high-frequency, high-amplitude oscillation patterns described in [12] . Moreover, the origin of the saw-tooth with resorption pattern in our rocks may be correlated to turbulent convection inside the magma, as they hypothesize in their work. Further work on the cerro Vilama lavas may be necessary to give an accurate description of the history of this magmatic system.
Previous studies in other plagioclase crystals of the same thin slice achieved by profiling through electron microprobe point analysis indicated a small An compositional range, from 79% to 89% [24] . The new methodology revealed a compositional range from 66.4% to 88.7% in crystal 1 and from 60.5% to 90.2% in crystal 2. Compared to the previous study, the new compositional spectrum is enlarged towards more evolved compositions. This may be due to the incorporation of thin labradorite zones (< 70mol% An) that had been hidden to the eye-guided profiling with electron microprobe. On these grounds the new methodology becomes an ideal tool for the petrologist, because it permits to analyze compositions with a resolution as high as 0.5 µm and, maybe more important, allows to observe the whole crystal on a BE mode and to choose where to perform the profile.
Conclusions
A methodology for the attainment of high resolution quantitative maps of anorthite concentration in single plagioclase crystals has been developed. Besides its low cost, the method presented in this work is rapid and reliable to obtain bidimensional analyses, which are helpful to distinguish characteristics of the internal morphology of the plagioclase crystals, particularly resorption surfaces and growing zones. The combined use of BE images and their associated compositional maps and profiles results in a very useful tool to analyse oscillatory patterns, providing a direct way to study the magma chamber dynamics and petrological evolution. The methodology was tested on volcanic rocks with basic plagioclase, and it may be suitable for more evolved plagioclases as well as for the study of plutonic rocks.
The procedure proposed for calibrating BE images allowed to obtain quantitative maps of plagioclase composition with the resolution associated to the BE image. An important advantage of this approach is the high number of points available for performing the calibration, which leads to more accurate results, since the statistical fluctuations and the relative number of points presenting the BE contrast enhancement effect due to interface crossing is reduced.
Monte Carlo simulations allowed to determine the ultimate resolution of characteristic X-rays and BE signal for a plagioclase sample. This is the first exhaustive study of the spatial resolution of both signals in a plagioclase sample analyzed with an electron microprobe. Particularly, the modifications introduced in the PENCYL code allowed to obtain the lateral distribution of backscattered electrons as a function of the relative position at an interface, which permitted to explain the contrast enhancement effects near interfaces.
The method proposed here is applicable to any material sample in which the mean atomic number contrast depends on the variation of a single component, maybe present as solid solution or separately. This is a common situation in many alloys [20] or different mineral series. Future work may enable to apply the methodology to other types of binary solid solution minerals, especially to rock-forming minerals such as olivine and orthopyroxene. In the case of ternary systems, where all three components may vary, it is often necessary to analyze variations along isothermal regions, which furnishes an additional condition constraining the system in such a manner it can again be described in terms of a single varying concentration: again, a calibration will be possible, consisting in finding the relationship between the mean atomic number and the concentration of one only component.
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